The isotropic, inhomogeneous distribution of gamma-ray bursts (GRBs) suggests a cosmological origin. We are performing a deep J (1.25 m), H (1.65 m), and KЈ (2.11 m) imaging survey of the smallest GRB error boxes from the third Interplanetary Network to examine the extragalactic content of these regions. Relatively bright galaxies are seen in each of six GRB error boxes imaged to date. It is shown that the ''no-host'' problem does not exist in our sample. In addition, there is an apparent overabundance of brighter galaxies in these fields, which suggests a connection between galaxies and gamma-ray bursts.
INTRODUCTION
The Burst and Transient Source Experiment (BATSE) aboard the Compton Gamma-Ra y Observator y continues to observe both an isotropic distribution of cosmic gamma-ray bursts (GRBs) and a paucity of weaker events (Meegan et al. 1992; Kouveliotou 1994) , suggesting that the bursters are at cosmological distances (Paczyński 1986 ). Among the most damaging evidence against cosmological scenarios is the ''nohost'' problem, i.e., the lack of suitable host galaxies in GRB error boxes (Schaefer 1992; Fenimore et al. 1993) . Previous imaging surveys of well-localized GRB positions, which have all failed to produce a convincing burster candidate, have generally not reached deep enough limits to make a definitive statement about the presence of potential host galaxies (Fenimore et al. 1993) .
This paper describes a deep near-infrared imaging survey of the most precise GRB localizations to probe the extragalactic content of these regions to a significant depth. Near-infrared is an ideal regime in which to perform a deep survey. Infrared wavelengths are much less inhibited by dust extinction than visible light, allowing us to probe low Galactic latitude positions. More importantly, galaxies are intrinsically brightest in the near-infrared, and significant redshifts will make them too faint for optical imaging. Targets are limited to the smallest error boxes from the third Interplanetary Network (Cline et al. 1994) in order to maintain a consistent sample of events, both in the spacecraft used to determine the error boxes, and in the error box reduction procedure.
Identifying the host galaxy of a burst is difficult because of the lack of a ''smoking gun.'' No evidence of the burst remains in the quiescent state of the host, and host galaxies may not be intrinsically unusual. Any connection between GRBs and galaxies must therefore be positional, but a suitable host galaxy can be faint enough that many would be expected in a typical error box, and an excess of one per box would be difficult to show. One can avoid this problem by capitalizing on the tendency for galaxies to clump together. More brighter galaxies are likely to be found in the area of a bright GRB if the source of the burst is a galaxy than if either the burst is not associated with galaxies or we selected a random direction in the sky. This clustering will not necessarily be limited to the error box, so every object in each field is counted, regardless of whether it resides inside the box. By ''field,'' then, we mean the whole imaged field of view, which may extend up to 11Ј outside of the error box. Galaxy densities in the GRB fields are compared to that found in independent control fields acquired 20Ј from the error box centers. This distance is sufficient to escape any local overdensity caused by the presence of a host galaxy, but close enough to have similar air mass and Galactic latitude.
In this paper we show that the no-host problem does not exist in our sample of GRB error boxes. In addition, an overabundance of brighter (K Յ 15.5) galaxies is seen in these fields. The significance of this excess and its relevance to gamma-ray bursts are discussed.
OBSERVATIONS AND DATA REDUCTION
All images were obtained on the University of California Observatories 3 m Shane Telescope using a unique twochannel infrared imaging system developed at UCLA (McLean et al. 1993; . A dichroic beam-splitter separates the image into two wavelength regimes, allowing the same field to be recorded simultaneously at two different passbands. Both channels are re-imaged onto 256 ϫ 256 pixel infrared array detectors with a plate scale of about 0"7 pixel Ϫ1 , giving a total field of view of nearly 3Ј ϫ 3Ј.
Deep JHKЈ images of the six GRB error box targets which are both suitable for this survey and reachable from northern latitudes have been obtained. Final KЈ mosaic images for fields GRB 910219, GRB 911118, GRB 920325, GRB 920711, GRB 920720, and GRB 920723 are shown in Figure 1 (Plate L12) along with their respective 99% confidence error boxes (Hurley 1994) . Seven control fields comprising a total of 39.3 arcmin 2 were also acquired. Limiting magnitudes for 5 detection of a point source typically reached J 1 20.0, H 1 19.1, and KЈ 1 18.7, which is 1-2 orders of magnitude fainter than previous near-infrared GRB counterpart searches (Apparao & Allen 1982; Schaefer et al. 1987) .
A ''dither'' technique was used to obtain these deep observations. Integration times were divided into numerous shorter, background-limited exposures, with the telescope being displaced 14Љ between each exposure in a nonrepeating, twodimensional pattern. A median filter algorithm applied to the normalized series of offset frames enabled a ''sky flat'' to be constructed, which was used to correct pixel-to-pixel nonuniformity of response in the individual frames. The corrected THE ASTROPHYSICAL JOURNAL, 460 : L95-L97, 1996 April 1 ᭧ 1996. The American Astronomical Society. All rights reserved. Printed in U.S.A.
L95
frames were then registered, scaled, and median filtered to obtain a single deep image. Only the deepest 12#5 ϫ 2#5 section of the final image is kept to maintain a consistent depth of field. Diagonal mosaics pick up additional coverage in their corners by combining images from adjacent dithered sets only when necessary to cover the error box.
Synthetic aperture photometry was performed on all detected objects in each passband using the IRAF phot package. Photometric zero points were measured from images of UKIRT faint standard stars (Casali & Hawarden 1992 ) at a similar air mass, and are accurate to the 5% photometric level. Objects were then classified as stars or galaxies wherever possible. Bright objects were judged primarily by their morphology, while color information alone was used for fainter objects.
Galaxy magnitudes were corrected for interstellar extinction as a function of Galactic latitude, b, by taking an average of minimum and maximum visual extinctions; A V ϭ 0.15csc(͉ b͉) (de Vaucouleurs, de Vaucouleurs, & Corwin 1976) , and A V ϭ 0.39csc(͉ b͉) (Mihalas & Binney 1981) . This average visual extinction was scaled to the JHKЈ bands using the relations A KЈ 1 A K ϭ 0.12 A V , A J ϭ 2.6 A K , and A H ϭ 1.6A K (cf. Becklin et al. 1978; Savage & Mathis 1979; Rieke, Rieke, & Paul 1989) . These corrections are very small except for the low position of GRB 920723. K magnitudes were then estimated from H Ϫ KЈ colors (Wainscoat & Cowie 1992) .
NO-HOST PROBLEM
There are many ways of showing whether suitable host galaxies are present in these error boxes. Perhaps the least controversial approach is to use the same techniques that defined the no-host problem (Fenimore et al. 1993) . In this method, the distance to the burst is estimated using a standard candle fitted to the GRB peak intensity distribution, and the brightest galaxy inside the error box is assigned an absolute magnitude corresponding to this distance. The fraction of stellar mass contained by galaxies fainter than this magnitude is calculated from a mass-weighted luminosity function which assumes that mass scales directly with luminosity. If GRBs trace (once-) luminous matter and the brightest galaxies are the host galaxies, then the mass fractions would be evenly distributed about 0 and 1 with an average of 0.5. An average less than 0.5 indicates a lack of host galaxies; an average greater than 0.5 represents an abundance of suitable hosts.
The results of this test as applied to our sample are shown in Table 1 . Burst redshifts were estimated by Fenimore (1995) using a standard candle fitted to the GRB peak intensity distribution which puts the faintest bursts at a redshift of z 1 0.8. Absolute magnitudes were derived using galaxy spectral models as a function of redshift which include k and evolutionary corrections (Bruzual 1983 ). An H 0 ϭ 50 km s
Ϫ1

Mpc
Ϫ1 , q 0 ϭ 0 cosmology was used. Mass fractions were calculated by integrating a mass-weighted Schechter luminosity function with index ␣ ϭ Ϫ1.5, M V* ϭ Ϫ21.5 for H 0 ϭ 50 km s Ϫ1 Mpc Ϫ1 (Mihalas & Binney 1981) , and scaling to the K band using an intrinsic galaxy V Ϫ K color of 3.3 (Bruzual 1983 ). The average mass fraction in our sample is 0.85, and each individual fraction is above 0.5. Different luminosity function parameters, which are not well known, will alter the individual mass fractions but cannot bring the average fraction below about 0.65. This shows that the predicted burst distances are farther than the brightest galaxies and that many fainter galaxies are suitable GRB hosts.
A more intuitive way to determine whether these fields contain suitable hosts is to estimate redshifts for the galaxies themselves based upon their J Ϫ K and H Ϫ K colors, again using Bruzual's (1983) galaxy spectral models with H 0 ϭ 50 km s Ϫ1 Mpc Ϫ1 and q 0 ϭ 0. Redshift and absolute luminosity estimates for the brighter galaxies in the GRB fields are shown in Table 2 along with the estimated burst redshifts from Fenimore (1995) . Given the uncertainties associated with both redshift estimates, it is clear that there are many galaxies in the GRB fields with the distances and luminosities expected for GRB hosts without going to very faint magnitudes.
ABUNDANCE OF BRIGHTER GALAXIES
A magnitude threshold of K ϭ 15.5 was defined as a tool to measure the abundance of brighter galaxies in GRB fields to check for evidence of galaxy clumping in these regions. This limit was set after a K ϭ 15.4 galaxy was found in the first field GRB 920720, one of the lowest fluence (and presumably among the farthest) bursts localized by the third Interplanetary Network. This threshold is reasonable in a physical sense, as it represents an L* galaxy at the furthest distance of our sample of bursts.
The combined GRB fields contain a total of 15 galaxies brighter than K ϭ 15.5, which are included in Table 2 and circled in the images in Figure 1 (Plate L13). The probability that a certain field of view A contains a given number k of randomly distributed events with mean density can be calculated using the Poisson probability density function
A mean density of K Յ 15.5 galaxies of 0.063 arcmin Ϫ2 was derived using a power law fitted to the galaxy number counts from wide field surveys as described in Gardner, Cowie, & Wainscoat (1993) . Field areas are included in Table 2 . Six such galaxies would be expected in the summed GRB area of coverage (with or without the first field), and the probability of finding at least 14 by chance alone after setting our threshold is 0.6%. Including the first field, the probability of finding at least 15 galaxies in the total field of view is 0.4%. The control fields contain only one such galaxy; two would be expected, which is consistent within 1 .
Each GRB field exhibits an excess of about one galaxy brighter than K ϭ 15.5, with the exception of GRB 920723 which contains an excess of 4. The probability that each field would contain at least one such galaxy randomly is 11.3% after defining our threshold, or 3.4% for all six fields. This trend has also been seen in a southern target that meets our criteria, GRB 920501. Blaes, Antonucci, & Hurley (1996) found a K ϭ 15.3 galaxy inside this error box that is also coincident with an X-ray source. These probabilities are somewhat sensitive to the mean density, but even a 20% rise in our adopted density does not increase the probabilities by more than a few percent.
DISCUSSION AND CONCLUSIONS
We have shown that this sample of GRB error boxes does not suffer from a no-host problem. Nearly all cosmological models, which include neutron star binary mergers (cf. Paczyński 1986; Eichler 1989 ) and active galactic nuclei (Brainerd 1992) , require the presence of a galaxy to contain the bursting objects. The resolution of the no-host problem eliminates a critical argument against these models.
Not only do suitable host galaxies exist in every GRB error box, we find an apparent excess of galaxies brighter than K ϭ 15.5 in these fields. This excess is not seen in our control fields 20Ј away. While the statistical significance of this result is not overwhelming, it does suggest a positional connection between galaxies and gamma-ray bursts. Clustering neighbors of the host galaxy can be contributing to this excess as well as the hosts themselves.
Clearly, the results of this new IR survey demand that more consideration be given to galaxies as the potential hosts of gamma-ray bursts. Further observations are required to improve the statistical arguments, and efforts are underway to image four southern hemisphere error boxes suitable for this survey. No. 2, 1996 LUMINOUS GALAXIES NEAR GRB POSITIONS L97
FIG. 1.-KЈ images of six gamma-ray burst positions with their 99% confidence error boxes. All galaxies brighter than K ϭ 15.5 are circled. Each field is mosaicked from images 12#5 on a side. Shown are the fields for the following events: (a) GRB 920720, (b) GRB 920711, (c) GRB 920723, (d) GRB 910219, (e) GRB 911118, and ( f) GRB 920325. LARSON, MCLEAN, & BECKLIN (see 460, L95) 
